The synthesis by electropolymerization, the characterization, and applications of poly(neutral red) (PNR), including as a redox mediator, are reviewed. PNRs high electrical conductivity and its redox characteristics have led to special applications of the polymer, and it has been used for the development of electrochemical and optical sensors. Moreover, the attractive properties of PNR allow it to be applied in the development of electrochemical biosensors. Future perspectives are indicated.
Introduction
Organic conducting polymers are finding increasing use in various fields of science and technology, such as primary and secondary batteries, metallization of dielectrics, antistatic coatings, electromagnetic shielding, electrochromic systems, etc. The most attractive property of conducting polymers in electrochemistry is their ability to catalyze electrode reactions -a thin layer of a conducting polymer is able to enhance the kinetics of electrode processes of some solution species. These electrocatalytic processes, at conducting polymer electrodes, represent a fast growing area of research, which may yield many unexpected applications in various fields of applied electrochemistry [1] .
The phenazine dye, neutral red (NR; N 8 ,N 8 ,3-trimethylphenazine-2,8,-diamine chloride; Fig. 1 ), is used for a variety of purposes such as biological staining [2] , for medical purposes to investigate viruses [3] , as a pH indicator in biochemical systems [4] , in the determination of DNA using optical and electrochemical methods [5, 6] , for the evaluation of naturally-derived and synthetic biomaterials [7, 8] , for the development of optical sensors [9] , etc. Like other phenazine derivatives, in particular azur A [10] , azur B [11] , toluidine blue O [12] , methylene blue [13] , methylene green [14] , phenosafranin [15] , NR can be polymerized electrochemically and form a conductive polymer [16 -21] . Recently, polymerized NR or poly(neutral red) (PNR) has been used as a redox mediator for sensors and biosensors [21 -24] .
This review discusses the electrochemical synthesis of PNR, the electrochemical properties of NR and PNR, its structure, as well as the application of PNR as a conducting polymer and as a redox mediator in electrochemical sensors and biosensors.
Polymerization of Neutral Red
The first paper on the electrochemical polymerization of NR was published in 1970 by Nikolskii and co-authors [25] . They reported the dependence on pH of the oxidation potential of the system neutral red -leuco-neutral red in the region from pH 0.5 to 11.5. The data were divided into four linear ranges with the slopes as follows: The segments 1 -3 were shifted negatively as the total concentration of NR was increased. The authors attributed this shift to dimerization and tetramerization of the neutral red cation, i.e., the singly protonated form of the dye. From calculations in their previous paper, [26] , the authors considered the following equilibria: 
where NR represents the neutral red molecule and NRH 2 represents the leuco-neutral red molecule. The pK a values of the deprotonation reactions were determined as 6.7 for Reaction 6, 6.3 for Reaction 7, and 4.4 for Reaction 8 [26] . Combining this information on the protonation of NR and leuco-NR, the following overall reactions are obtained for the reduction of NR in different pH regions [27] :
4.4 pH 6.3
6.3 pH 6.7
6.7 pH 11.
Reactions 9 -11 involve the protonated cation but Reaction 12 involves the neutral NR molecule. It should be noted that pH 0.5 and 11.5 are only significant as the limits of experimental information. The electrochemical reactions leading to polymer formation are represented schematically in Figure 2 , as suggested in [27] . The radicals obtained during NR oxidation initiate the polymerization process and the number of radicals formed defines the structure of the polymer: the more radicals formed, the more branched the polymer obtained [28] . The polymerization of NR is controlled not only by the applied potential, which is responsible for radical formation, but also by the pH [16 -20, 25 -27] , as is the case for other electrochemically-formed organic polymers [1, 29 -31] . The polymerization mechanism includes the formation of radicals, dimerization, and tetramerization of the monomers that then combine to give the polymer: the polymer is formed via C À N couplings. This mechanism has been confirmed by IR spectroscopy, in agreement with FT Raman and 1 H NMR spectroscopic studies, and demonstrates that the polymerization of NR occurs through the NH 2 groups of NR [22] . The possible structure of a tetramer is presented in Figure 3 .
PNR growth seems to take place without alteration of the phenazine aromatic system of the monomer. Both the monomer and its derived polymer exhibit the same redox potential and a similar optical spectrum. The growth occurs through a linkage in one of the carbon atoms of the aromatic system of the monomer, the most probable being one of the ortho carbon atoms with respect to À N(R) 2 . A ring substitution with a strong electron attracting system, such as the cation-radical species, should induce a shift in the monomer redox potential towards more positive values, as indeed happened after NR polymerization [16] .
The identity of counterions is very important in the polymerization of conducting organic polymers since they can enhance its conductivity [25] . A scheme showing the mechanism of doping/de-doping of NR is presented in Figure 4 . It has been found that nitrate ions are very important for PNR formation since NO 3 À catalyzes the electropolymerization of NR and stabilizes the polymer formed [17, 21, 32 -34] . However, a PNR film can be successfully formed on a Pt substrate when SO 4 2À is used in strong acidic medium [18, 20, 22, 35, 36] as well as in Britton -Robinson buffer solution (pH 1.5) without any additional electrolyte salt [37] . X-ray photoelectron spectroscopy (XPS) data proved that PNR deposited from sulfuric acid solution is SO 4 2À -doped and coupled with the protonated nitrogen of the polymer [18] . Fourier transform Raman spectra demonstrated that the PNR is a polycation where the positive charge is compensated by dopant anions [22] . Electron spin resonance (ESR) spectra of PNR supported the existence of radicals in the polymeric structures, and FTIR demonstrated the large changes in conjugation structure after NR electropolymerization [19] .
Electrochemical polymerization of NR exhibits some characteristic redox peaks at certain potentials, as shown in Figure 5 [38] , corresponding to reversible transformation of NR to leuco-NR at ca. À 0.5 V (6), doping/de-doping at around 0 V (Fig. 4) , and irreversible NR oxidation and radical formation that initiates polymerization of the monomer at 0.8 -1.0 V (Fig. 2) . The peak potential depends on the pH and polymerization electrolyte composition as well as on the electrode substrate.
The electrochemical quartz crystal microbalance was used to study in situ the growth and redox transformations of PNR films [33] . The mass changes that accompany the redox processes of the monomer were related to the adsorption of NR during oxidation and desorption of the adsorbed species during reduction, besides the mass increase due to formation of the polymer film during electropolymerization. In acidic media, the main redox reaction of PNR can be described as a relatively simple 2e
þ process (Eq. 10) assuming that the oxidized form is more hydrated than the reduced one, i.e., the film is more swollen in its oxidized state. Anions are also absorbed at higher pH values where the reduced form is partially deprotonated while the oxidized form is still fully protonated (Eq. 12). The EQCM data also showed that a kinetically irreversible oxidation process, which takes place at higher positive potentials, is accompanied by sorption of anions which leave the film if the potential is subsequently lowered. However, if the applied positive potential is too high film overoxidation occurs and the surface of the PNR film is slowly dissolved [33, 39] .
Benito et al. [40] , using EIS to characterize the PNR films, confirmed that both cations and anions participate as counterions in the electrochemical processes in the PNR films. The participation of monovalent anions is normally much more significant than H þ (aq.), except at low pH. Since the polymer is protonated to different degrees, depending on the pH of the bathing solution, protons can be strongly retained in the film structure and therefore, move slower than anions [40] . The role of electrolyte cations or anions is only to ensure electroneutrality, especially when the pH of the solution is not sufficiently acidic [32] . The EQCM study also proved that the presence of molecular oxygen in the solution favors the electrogeneration reaction since more PNR is produced when polymerization solutions are not deoxygenated [32] . The relative participation of cation/anions during the charge compensation process in the region of the redox couple at ca. 0 V depended mainly on the pH of the solution, but also on the nature of the cations and anions. Thus, at pH 2.5 -2.6 the mass/charge ratio depended almost totally on the anion: according to the experimental data, smaller Cl À anions were preferable to the larger NO 3
À or Br . The different behavior can be explained by the fact that changing the pH from 2.5 -2.6 to 4.5 -4.7 also means a change in the polymer structure, since one of the pK a of the polymer lies between these pH values.
Both the electrolyte cations and the anions participate in the charge compensation at pH 4.5 that can be postulated, for nitrate and sodium ions, as:
nitrate being the most effective anion at this pH [32] . The peak potential values did not depend much on the nature of the electrolyte cation, anion or their concentration, but did depend on the pH value of the solution. Nevertheless, it has been shown that K þ could substitute H þ ions in the charge compensation mechanism [41] .
The electrochemically active polymer films formed on a platinum electrode from solutions containing H 2 SO 4 electrolyte had a somewhat similar electrochemical behavior to that of polyaniline films [18] . The electrochemical activity of the PNR film decreases with increasing pH of the polymerization solution from 1.0 to 4.0. Analysis of NR electropolymerization data revealed that protons and electrons take part in a 2 : 1 ratio in the reduction process, and that this ratio is 1 : 1 in the oxidation process. Additionally, the other redox couple of the polymer at higher positive potentials is due to polymer doping and has no participation of protons. PNR films deposited on Pt electrodes from sulfuric acid media cover the electrode with a nanowire microstructured network as seen in the scanning electron microscopy (SEM) images of Figure 6 [18] .
Gold and indium tin oxide (ITO) have also been used as electrode substrates for PNR formation. PNR electrodeposition from H 2 SO 4 solution, pH 1.0, was successful on both Au [42, 43] and ITO electrodes [43] as well as at ITO electrodes from Britton -Robinson buffer, pH 5.15 [44, 45] . However, the growth of the film at Au was slow, the peaks were badly defined, and no uniform film was obtained when NR was deposited from phosphate buffer solution, pH 5.5, in the presence of potassium nitrate as supporting electrolyte [21] .
The surface concentration of PNR was found to be significantly different at different electrode substrates, as well as depending on the number of electropolymerization cycles. For instance, at glassy carbon it was 2 -3 nmol cm À2 after 10 cycles [16, 17] and 4 -8 nmol cm À2 after 20 consecutive cycles [38, 46] , at gold from 22 fmol cm À2 [47] to 32 nmol cm À2 depending on the number of cycles and electropolymerization potential window [33, 42] , and at carbon film 12.5 nmol cm À2 after 15 potential cycles [48] . PM-FTIR (polarization modulation Fourier transform infrared) spectra obtained in situ for PNR films as a function of electrode potential generated on a gold electrode demonstrated that although the polymer film was relatively thick, the observed spectral features were weak, implying that the monomers are oriented almost parallel to the electrode surface. The amino groups of PNR are not protonated in spite of the acidic environment of the supporting electrolyte, according to the absorption bands for the N À H bending vibration [43] .
Apart from in aqueous solutions, PNR can also be successfully synthesized in non-aqueous solutions, for example in acetonitrile with the addition of Bu 4 NClO 4 at Pt electrodes [22, 49] or from room temperature ionic liquids (RTIL) such as 1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide, 1-butyl-1-methylpyrrolidinium bis(-trifluoromethane) sulfonimide, and 1-butyl-3-methylimidazolium nitrate at carbon film electrodes [50, 51] . However, the last case showed that the applied potential is a crucial point: it was observed that PNR dissolved when potentials were more positive than þ 0.5 V. Moreover, such films were much thinner than those prepared in aqueous solutions since the polymerization of NR in the RTILs occurred in a slightly different way to those in aqueous solutions, due to the different solvent properties. The most similar polymerization CVs were obtained in BmimNO 3 since the counter anion was smaller than bis(trifluoromethane)sulfonimide and the charge compensation in this case was easier [51] . Bards group, following the results of electrogenerated chemiluminiscence, suggested a slightly different mechanism for NR electrochemical oxidation in non-aqueous acetonitrile solutions than that in Figure 2 , since NR forms slightly different radicals than those in aqueous solutions, see the scheme of Figure 7 [49] .
The polymerization of NR can be faster and the polymer properties better when the monomer is polymerized in the presence of organic additives or of other polymers. The polymerization was found to be faster and the polymer had a higher electrochemical activity when ferrocenesulfonic acid was added to the deposition solution at Pt in H 2 SO 4 : according to the data reported by Chen and Gao, ferrocenesulfonic acid acting as a dopant [20] . Although the addition of sulfoferrocenecarboxylic acid (SFCA) hardly changed the electrochemical properties of the polymer, the morphology of the PNR-SFCA film was different. It was supposed that the reason for these changes could be due to the erosion of the polymer during deposition [52] . In another study it was found that a polymer formed from aniline and NR had better electrochemical properties than polyaniline at pH 1.0 in H 2 SO 4 solution [53] .
Characterization of PNR Films
Characterization of PNR films by various electrochemical, spectroscopic and microscopic techniques has shown clearly that the electrochemical properties of PNR depend on the potential cycling scheme during electropolymerization, as is the case with many conducting polymers, as well as on the electrode substrate. When the monomer can be oxidized during each potential cycle, the electrochemical properties of the resulting polymer show noticeable differences compared with the situation when monomer oxidation is impeded after the first two cycles by reducing the positive potential limit [21] .
Potentiometric characterization of the PNR films showed that such polymer electrodes provide a linear and sensitive response to the hydronium ion generated for acids in aqueous solutions over a very broad pH range, 2 -12; the exception was citric acid, where a strong deviation from linearity for pH 8 -10 was found [22] . In most cases studied, it was observed that the rate-determining process at PNR was rather complicated because voltammetric anodic and cathodic peaks of PNR had a different behavior depending mainly on the charge compensation process in the film [44] . Diffusion-controlled electrochemical oxidation was predominant at the polymer film electrochemically deposited at ITO [44] or gold [36] at low pH values and a masstransport controlled redox process was observed at PNR, on carbon film electrodes, at pH 5.5 [21, 48] .
Recently carbon nanotubes have been used together with phenazine-type polymers [54] . PNR deposited on functionalized multiwalled carbon nanotubes (MWCNT) exhibited a slightly different electrochemical behavior than at other carbon-based electrodes [21, 55] . The EQCM confirmed the incorporation of PNR on the functionalized MWCNTs. The investigation of such films by cyclic voltammetry showed a different behavior from that at glassy carbon in phosphate buffer, pH 4.0: NR/leuco-NR peaks were less well-defined at MWCNT, but the redox couple at 0.2 V for polymer doping/de-doping was much better defined than that at GC. Moreover, an additional redox wave appeared between these redox couples, probably due to two-step NR oxidation to leuco-NR [55, 56] . The PNR surface coverage concentrations for different loads of functionalized MWCNTs clearly indicated that an increase in the amount of MWCNTs on GC led to an increase in the amount of PNR deposited on the electrode, due to the increase in the surface area. The electrochemical process was controlled by adsorption of electroactive species on the surface and depended on the MWCNT loading, i.e., at higher carbon nanotube loadings a mass-diffusion-controlled process was observed [55] .
The good conductivity of polymer films enhances their application so that it is important to know the factors that determine PNR conductivity. From Figure 4 it is seen that both hydrogen ions and anions play a very important role in the electrochemical processes of and electron conduction through PNR films, since the reduced phenazine group partially loses its p-electronic character [32] . Thus, the solution pH is very important to the electron conduction process: an increase in pH causes a decrease in the size of the redox peaks in cyclic voltammetry and increases irreversibility. Since H þ acts as counterion to the electrons, a decrease in its concentration in the film causes a decrease of the electrical conductivity through the film and makes the redox processes more irreversible [44] . It has also been observed that when more than a given thickness or deposited amount of PNR is reached, the polymer exhibits a very poor redox behavior. This is due to a low electronic conductivity, as has been demonstrated by EIS, so that the electrons can reach only a certain fraction of the redox centers of the PNR. The thick films have two zones: an inner redox layer and an outer layer which acts as a diffusion membrane with a different structure and morphology.
Polymer films deposited at pH 6.6 in the presence of KNO 3 have a typical conductivity of a semiconducting redox polymer [44] . The conductivity of PNR, deposited from solution acidic solution with SO 4 2À , was 1.7 Â 10 À5 S cm À1 at 20 8C [36, 53] compared with the conductivity of polyaniline of 1.7 Â 10 À3 S cm À1 [53] . Although the conductivity of PNR is lower than that of polyaniline, but PNR exhibits better redox properties and electron transfer capability which is a great advantage in its applications to electrochemical sensing systems.
Application of NR and of PNR Films in Electrochemical Sensors and Biosensors
The PNR properties discussed above suggest a broad field of possibilities to use this conducting polymer in different sensing systems. Moreover, the sensitivity and conductivity of this polymer can be controlled by changing the solution pH. It is also an important advantage that this polymer is electrochemically active at physiological pH.
Sensors
Neutral red monomer has been used in a number of applications as a solution additive or immobilized on the surface of electrodes. For example, it has been employed as an electrochemical probe for the determination of heparin. The presence of heparin caused a decrease in the reduction peak current of NR, and an electrochemically inactive complex was formed by the electrostatic interaction of negatively-charged heparin with positively-charged NR. By exploiting the interaction of heparin with NR microamounts of heparin were determined with limit of detection 1.3 mg L À1 [37] . A sensitive and simple optical sensor for the determination of lithocholic acid was developed, based on the fluorescence quenching of a NR/sulfonated b-cyclodextrin (s-b-CD) supramolecular complex immobilized in the polyelectrolyte multilayer film [9] . The multilayered thin film was prepared by a layer-by-layer deposition of s-b-CD and cationic poly(allylamine) hydrochloride (PAH) on the surface of a quartz slide. A self-assembled fluorescent host was formed by the hydrophobic inclusion of NR/s-b-CD and electrostatic interactions of NR with the s-b-CD immobilized on the multilayered film. The degree of quenching of NR fluorescence in NR/s-b-CD system was proportional to analyte concentration. The sensor was applied to the quantification of lithocholic acid with a linear range covering from 2 to 60 mmol L À1 and a detection limit of 1 mmol L
À1
. The sensor exhibited excellent reproducibility, reversibility and selectivity [9] .
NR, as an electron transfer mediator, was incorporated in an anode electrocatalyst system for methanol oxidation. The electrochemical performance of a Pt/NR/graphite electrode was investigated by cyclic voltammetry and electrochemical impedance spectroscopy [56] . High electrocatalytic activity and good long-term cycle stability was achieved in the presence of NR. The corresponding results implied that electron transfer mediators may provide a new way to improve the electrochemical performance of electrodes in fuel cells.
Concerning PNR films, it was shown that they exhibit electrocatalytic properties [42, 57] . The electrocatalytic oxidation of I À was observed using the rotating ring-disk electrode (RRDE 3 À , and reduced to N 2 O at PNR film electrodes [58] , such electrodes have been covered with Nafion in order to eliminate all the interferences and have been employed to detect nitric oxide.
The PNR film was able to electrochemically regenerate nicotinamide adenine dinucleotide (NAD þ /NADH), one of the challenges of bioelectrochemistry during the past three decades. Using PNR-modified electrodes, reversible voltammetric waves of NAD þ /NADH reduction/oxidation were observed [38] and the equilibrium potential was determined. This was impossible using all previously-known catalytic and mediator systems. The unique PNR-based electrocatalyst allowed the determination of the standard potential of NAD þ /NADH: E' ca. À 0.59 V vs. SCE at pH 6.0 [46] .
As a conducting polymer material, PNR has also been used for the electrocatalytic oxidation of both dopamine and ascorbic acid. The catalytic currents were linearly related to dopamine and ascorbic acid concentration in the ranges 5 -200 mmol L À1 and 0.025 -100 mmol L
, respectively. Moreover, both analytes can be determined simultaneously by using the difference of the catalytic currents [34] . Much higher sensitivities for dopamine (DA), ascorbic acid (AA) and uric acid (UA) oxidation were found at functionalized MWCNTs modified with PNR in aqueous solutions at pH 4.0, see Figure 8 . The sensitivity of the composite film towards ascorbic acid, dopamine and uric acid in differential pulse voltammetry was found to be 28, 146, and 84 nA mmol À1 L, respectively [35] . Besides these compounds, PNR is sensitive to many carboxylates, such as acetate, adipate, benzoate, citrate, glutarate, malate, malonate, mandelate, oxalate, salicylate, succinate, tratrate, and terephthalate, in the pH rage 7.0 -8.5, in aqueous and non-aqueous solutions [22] . However, citrate showed a near-Nernstian response at PNR-modified electrodes and the broadest linear concentration range of all compounds tested. Owing to the specific behavior of citrate ion on PNR electrodes, especially at pH 8.5, the selectivity coefficients log K Citrate/J pot were determined for various carboxylates, and were found to be À 1.82 (glutarate) > À 1.30 (adipate) % À 1.28 (malonate) > À 0.86 succinate at PNR prepared in aqueous solutions, and À 1.68 (glutarate) > À 1.49 (malonate) > À 1.30 (adipate) > À 0.71 (succinate) at PNR prepared in non-aqueous solutions. As seen, the selectivity pattern was slightly different on the PNR electrodes prepared in aqueous and non-aqueous solution, as a consequence of different morphologies of the polymeric layers obtained under different conditions. It was also found that the PNR films could successfully act as precise and selective potentiometric sensors for citrate ion, even in natural samples. Furthermore, high concentrations of ascorbic acid, glucose and sucrose had no detrimental influence on citrate determination in soft drinks [22] .
A paraffin-soaked graphite electrode modified with a PNR film and covered with a gelatin layer has been used as a H 2 O 2 sensor. The sensor exhibited a linear range from 20 mmol L À1 to 25 mmol L
. The response time and the detection limit were 30 s and 18 mmol L
, respectively. The storage stability of such a sensor at 4 8C was four months [59] .
Redox Mediator for Biosensors
In the last few years, PNR has become attractive in the field of electrochemical biosensors since it can be used both as a redox mediator for enzymatic reactions and for electrochemical reduction/oxidation of the products of the enzymatic reactions.
The mechanism of the mediation process is rather complicated [21] . Glucose biosensors with PNR redox mediator and immobilized GOx showed a mechanism that comprises two processes involving hydrogen peroxide reduction and an anodic process, possibly regeneration of FAD cofactor by oxidation at PNR. The results of this competition depend on the nature of the enzyme and the applied potential, which influenced the mediation mechanism. The details of the method of electropolymerization to produce the PNR film have hardly any influence on biosensor performance. The type of enzyme immobilization plays a more important role. Enzyme encapsulation in a solgel layer placed over the PNR film slightly dissolves PNR during the coating procedure and so distributes it in the bulk sol-gel enzyme layer, allowing an easier path for electron transfer and facilitating hydrogen peroxide reduction. Such dissolution also occurs to some extent inside glutaraldehyde (GA) cross-linked enzyme layers. Because the sol-gel entrapped enzyme layer is thicker than that obtained by cross-linking with GA, these effects were more noticeable in sol-gel encapsulation [21] .
These PNR-mediated biosensors were characterized electrochemically in model solutions prior to application to natural samples [21, 23, 48] and by using atomic force microscopy (AFM) [60] . Highly oriented pyrolytic graphite was used as an electrode substrate for AFM investigations. HOPG electrodes modified with PNR as mediator, with and without sol-gel-encapsulated GOx on the top of the PNR layer, were characterized by AFM. The PNR film dissolved in the oxysilane solution and the PNR amino groups interact with the sol-gel. This is particularly the case with 3-glycidoxypropyl-trimethoxysilane (GOPMOS), which has an epoxy ring present at the end of the glycidoxy group, enhancing the PNR-GOPMOS hydrophobic interactions. In this way, the immobilized sol-gel film becomes smoother and its structure possesses smaller pores, even in the presence of GOx molecules, in this way reducing enzyme leaching and increasing biosensor operational and storage stability [60] .
Glucose is an important compound taking part in the metabolism of different organisms and a source of energy. Owing to the importance of the monitoring of glucose, quite a lot of research is devoted to the development of glucose biosensors. For this reason, the investigation of PNR as redox mediator has been mainly associated with the development of glucose biosensors, but biosensors have also been reported for monitoring other enzyme substrates, such as hydrogen peroxide, pyruvate, acetaldehyde, ethanol, etc., see Table 1 . PNR has mainly been applied as a redox mediator in the development of electrochemical enzyme biosensors by Brett et al. [21, 23, 24, 48, 50, 51, 60, 62, 63, 66 -68] , and a few investigations have been done by other groups [59, 61, 64, 69] . As seen from Table 1 , the majority of the biosensors operate in the potential range from À 0.35 to À 0.25 V. At these potentials, PNR appears to be an excellent redox mediator for enzyme biosensors, especially in acidic and neutral media, but as a good conducting material also enables the direct reaction of some carboxylic acids/carboxylates that interfere with the signal obtained in natural samples. To solve this problem, protective membranes, such as carboxylated poly(vinyl chloride) [63] , polyurethane [63] or Nafion [69] , have been employed.
Bienzymatic PNR-mediated biosensors have also been developed, see Table 1 . The second enzyme in bienzymatic biosensors can be used to regenerate the first enzyme, thus extending the lifetime of the first enzyme. An example is the case of AlcOx plus NADHOx -the latter enzyme regenerating the cofactor of the first enzyme [68] . NADH could also be regenerated at PNR, but at rather negative potentials (À 0.6 V), where some carboxylates can interfere with the biosensor signal, and thus, the second enzyme solves the problem.
The second enzyme can also be used to oxidize the product of the first enzymatic reaction in order to facilitate electrochemical detection as in:
Glycerol kinase, in the presence of ATP, transforms glycerol to glycerol-3-phosphate and MgCl 2 is the enzyme-activating compound (Eq. 14). Glycerol phosphate is then oxidized to glyceron-3-phosphate by glycerol phosphate oxidase (Eq. 15) and the enzyme is regenerated at PNR [23] . An array of three different enzyme biosensors was used to monitor three analytes simultaneously. The biosensors were applied in a flow-injection analysis (FIA) system with an enzyme electrode array based on NR-doped silica (NRDS) nanoparticles as electrocatalyst. These uniform NRDS nanoparticles (ca. 50 nm diameter) were prepared by a water-in-oil microemulsion method. NRDS showed high biocompability and maintained its high electroactivity, while the external nanosilica surface prevented NR from leaching out into the aqueous solutions. These nanoparticles were mixed with GOx, LOx (lactate oxidase), or GLOx (lglutamate oxidase), and immobilized on three different carbon-disk electrodes. A thin Nafion film was coated on top of the enzyme layer to prevent interferences. Flow-injection analysis with the NRDS-enzyme electrode array enabled simultaneous monitoring of glucose, lactate and l-glutamate in blood [69] .
Conclusions and Future Perspectives
Electrochemical polymerization of neutral red, as well as of other phenazine dyes, introduced a novel kind of redox mediator with direct electron transfer properties. The properties of the monomer are retained, but whereas the former is soluble in water and can be washed from the electrode, polymerized neutral red is slightly soluble only in some organic solvents. PNR is an attractive conducting polymer due to its easy preparation and low cost. Depending on the deposition conditions, PNR can be obtained as a solid film, as nanowires or as a thin network at the electrode surface. PNR electrochemical polymerization can be controlled by changing pH, electrolyte salt, and applied potential range as well as the number of cycles and scan rate by potential cycling.
PNR has been used as a redox mediator in the construction of electrochemical sensors and biosensors and shows excellent mediation properties. The mechanism of action in biosensors is quite complicated because different anodic and cathodic processes compete, the dominating one depending on the electrolyte solution composition as well as on the applied potential. The mechanism of polymer formation and mediation mechanisms need to be studied in more detail.
Furthermore, this conducting polymer has great potential for various analytical and sensing applications as described, and these possibilities can usefully be investigated more intensively. An interesting avenue is to exploit PNR more efficiently and effectively in sensors and biosensors. The advantages already demonstrated imply that it can be used as a nanostructured polymer or in thin nanometre-thick films, as well as being combined with metallic nanoparticles such as Au and Pt, to improve conductivity and functionality or with carbon nanotubes. 
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